A computational Eulerian-Lagrangian model (ORSA2D_WT) is used for modelling the movement of floating rigid bodies on the water surface. The two-dimensional transport is computed with a dynamic approach, modifying existing formulations for the transport of bodies within fluid flows for the case of floating bodies, by adopting suitable added mass, drag and side coefficients. An original formulation for planar rotation is proposed, which includes the effect of the hydrodynamic torque and a resistance term, named added inertia, based on the difference between the angular velocity of the flow and that of the body. The value of the added inertia coefficient is calibrated against experiments made on purpose, involving the transport of a cylinder in a flume with two side obstacles. The calibrated code is applied to a slightly larger set of experiments for its preliminary evaluation. The outcome of the simulations shows that the streamwise and transversal displacements are well modelled, while some inaccuracies arise when considering the cylinder orientation. The effects of the initial conditions on the cylinders' trajectory and rotation are discussed, showing their influence on the evolution of the rotation angles.
INTRODUCTION
The prediction of LW-related flood hazard would benefit from the use of numerical models that include the transport of floating debris in the hydraulic simulations.
Some numerical models do already exist, although it is still debated which should be the most reliable and effective way to couple the dynamics of the two phases, namely the discrete floating elements and the continuous water flow.
One possible approach is to consider a relatively large amount of debris entrained in the flood, and to try to predict its final position following the streamlines along the entire river basin (Mazzorana et al. ) . The planar displacement of large volumes of wood is hence computed, disregarding the physical response of the single floating object on the water.
A different method resides in the adoption of a Lagrangian-Lagrangian approach, usually by applying the Another option is the use of hybrid 2D methods, which couple two different techniques for the solution of the two phases. These methods usually estimate the flow velocity by solving the Shallow-Water Equations (SWE) and evaluate the motion of the rigid body through an Eulerian-Lagrangian approach, applying either a kinematic model Overall, Eulerian-Lagrangian methods are halfway between faster cell-by-cell models based on a simplified wood transport along streamlines (Mazzorana et al. ) and the more accurate, but computationally expensive, description of the detailed interaction between flow and logs, such as the one obtained through the SPH technique.
The critical aspect of the Eulerian-Lagrangian approach is the evaluation of the correct forces acting on the body and their computation, which can be integrated on the body length or approximated. There is no shared opinion on the most appropriate dynamic description for floating wood transport, and existing approaches do not always include the same forces. In general, only the drag force is included, Since the methodology proposed in existing dynamic LW transport models is not univocal, the forces ruling the motion are obtained from a more general description, which is then adapted to the specific case of floating In literature, dynamic approaches for the computation of rotation depend on the body shape. The torque on spheres is generally computed by applying the conservation of linear and angular momentum (Bagchi & Balachandar ) , while for non-spherical bodies, it is computed as the sum of three components (offset torque, resistance torque and cross term, which are meaningful for 3D modelling, as from Mandø & Rosendahl () ). Other authors dealing with LW transport adopted different formulations but do not exhaustively prove their validity. In Persi et al. (a) a formulation similar to the one proposed by Mandø & Rosendahl () is adapted for 2D rotation, but the lack of comparison with experimental data did not allow its validation. As will be shown in the present paper, that formulation does not match well with the laboratory experiments. For this reason, this paper proposes an alternative formulation for rotation in 2D modelling, which includes the centre of mass torque and a resistance term, named added inertia, which is proportional to the relative angular acceleration through a coefficient, defined as the added inertia coefficient.
The resulting Eulerian-Lagrangian model is calibrated against experiments carried out on purpose, to determine the proper value for the added inertia coefficient. Since the initial conditions appear to be a key parameter for simulation of floating body transport, both for the acquisition inaccuracy and for their unpredictability in real events, a sensitivity analysis is carried out, verifying their effect on the simulation. Once the body location is identified and the hydraulic variables are known, the flotation condition is verified with a force balance (Braudrick & Grant ) and the Lagrangian transport of LW is modelled with a Discrete Element Method (DEM), which includes the solution of planar translation and planar rotation equations, as well as those for the body trajectory and orientation:
(LD, cylinder length by diameter), V ¼ (u, v) is the velocity vector, ω is the angular velocity, C D , C S and C AM are the drag, side and added mass coefficients, ρ is the density, I is the cylinder moment of inertia, r is the distance between the body centre of mass and the application point of each force F acting on the body, C AI is the added inertia coefficient, X ¼ (x, y) is the position vector and ϑ is the body orientation.
The translation equation (Equation (1) Equation (2) is an original formulation for the computation of body rotation on the water surface, which differs from the formulation which is generally employed and can be found in Mandø & Rosendahl () . Their formulation includes an offset torque, due to the application of the hydrodynamic forces in the centre of pressure, which does not coincide with the body centre of mass, and a resistance torque, which originates from the integration of resistance terms on the body main dimension. It was adapted to the case of floating bodies and presented in Persi et al. (a) .
In order to derive Equation (2), a different approach is followed. The first term on the right-hand side takes into account the distribution of the forces (drag, side, added mass, pressure gradient) on the main body length, and refers to the centre of mass of the body, not to the centre of pressure. This choice is justified by the fact that considered bodies are not totally submerged in water, hence the pressure does not present the same distribution as the elongated objects studied by Mandø & Rosendahl () .
Here, the focus is rather on the force variation along the body, which is a consequence of the presence of velocity gradients ( Figure 1 ).
To properly represent this phenomenon, which is particularly important in non-uniform flows, forces are evaluated not only in the centre of mass but in four different sections along the body (Figure 1 ). For the solution of
Equation (1) the forces are applied at the centre of each of the four segments, i.e. points 1-4 in Figure 1 , and, for rotation, r becomes the distance between each of the four points and the centre of mass (CM). This allows the computation of the torque with respect to the centre of mass. Note that the added mass term, included in the forces in the first term of Equation (2), is computed by considering the relative linear acceleration:
where Vol is the body volume.
As suggested by Mandø & Rosendahl (), a second term, which acts as a resistance to rotation, is needed.
This resistance term (second term on the right-hand side of Equation (2)) is named added inertia torque and presents a formulation analogue to the one of the added mass force in Equation (1) angular acceleration is expressed as the total derivative of the flow vorticity, in order to take into account both the temporal and spatial variations.
The total derivatives of the flow linear and angular velocities require the computation of the partial derivatives in
x and y, which are computed with the trapezoidal interpolation suggested by Hirsch () for the case of a triangular mesh:
Here, N is the number of nodes of the cell of interest, Ψ f the linear and angular velocity vector
computed according to the following equations:
where N is the time step index, h is the time step and Δ kΨ and Δ kξ are the increments at each kth RK-step for the computation of the weighted average. Within the main time loop, the increments of the position vector ξ are computed according to Equation (3) by considering linear and angular velocities from the previous step, while the increments of the velocity vector Ψ are computed according to Equations
(1) and (2) by applying a convenient displacement based on the solution at the previous step.
The sequence of the RK strategy is summarized in the following equations, where F() represents the right side of
Equations (1) and (2):
Note that t is the instant considered for the computation, which is kept constant within the four steps of the RK cycle, as well as the flow field. The choice of the RK scheme does not play a major role in the approximation of the partial differential equation, since the time step computed with the CFL condition is already small (of the order of 3 × 10 -4 seconds) due to the reduced cells dimension (sides of 1 cm approximately).
For the correct computation of the hydrodynamic forces, an accurate estimation of the corresponding coefficient is required. The drag and side coefficients in
Equations (1) and (2) (1), the added mass coefficient should be equal to 2 for cylinders and 1 for spheres, since the force is halved with respect to the standard equation. Overall, the value of the added mass coefficient for a cylinder means that the added mass corresponds to a mass of fluid of the same volume as the sample.
For the case of semi-submerged bodies, the added mass coefficient is computed by dividing the submerged added mass volume (dashed line in Figure 2(b) ) by the body volume (solid line in Figure 2(a) ). The value obtained, 1.41, refers to a wooden cylinder with density 774 kg m -3 .
The same procedure can be repeated for the case of semi- Suffix i stands for each body subsection; ϑ is the relative angle among the cylinder axis and the relative velocity, in sexagesimal degrees. Overall, the hydraulic simulation shows that the flow is in general well reproduced, although some inaccuracies are observed for the velocity field on the left side. Such mismatching should be considered when analysing the results the formulation in Persi et al. (a) : the latter presents slightly higher accuracy for linear displacements, but much lower data are included in the confidence interval for cylinders orientation. Such results are in agreement with the trends shown in Figure 6 and confirm that the new formulation is more suitable for the simulation of floating cylinders transport.
ORSA2D_WT is then applied to the entire set of exper-
iments (16 tests Numerical results are compared with the experimental ones in Figure 9 , where the confidence intervals for each variable are also shown. The data in the confidence intervals are 98% in x, 58% in y and 44% in ϑ, respectively. Lower percentages are obtained with respect to Table 2 , mainly due to the reduced accuracy in the assignment of the initial conditions, which have a large influence on the numerical results.
Effect of the initial conditions
The assignment of the initial conditions plays a major role in the outcome of the simulation. The analysis of the orthorectified videos may introduce random errors during the extraction of data, due to the difficulties in evaluating the exact water level (which is deduced by locating the water surface profile along the flume walls) for orthorectification.
A maximum error of 0.005 m in the log positioning has been estimated, especially for the transversal positioning.
Higher errors in angular displacement and velocity may be introduced, due to the uncertainties in maintaining the correct alignment of the two ends of the cylinders and to the video resolution.
In order to analyse how the initial conditions affect the simulation, sensitivity analysis is performed, by varying the initial values of 10% of their initial range. The range, computed as the difference between the maximum and minimum values observed for the 16 considered experiments, is shown in Table 3 .
In Table 4 Moving the attention to the simulation of specific experiments, some errors in the trajectories, and in particular in the final angle of the cylinders, are observed. Such mismatch is mainly attributable to the dependency on the initial conditions, whose determination from the experiments is not always free from uncertainties. These errors appear to depend mostly on the initial values of the orientation and of the angular velocity, which strongly influence the results with a major effect on cylinders orientation. Free surface roughness and turbulence introduce additional randomness, which increases the dispersion of the results, especially with reference to the orientation, which cannot be caught by a deterministic model as ORSA2D_WT.
Note that the effect of the flow velocity may also contribute to increase the differences between the experiments and the simulation, especially in the downstream part of the flume where the hydraulic simulation is slightly inexact. 
